Abstract
Introduction
Mammalian circadian rhythms are governed by a lightentrainable pacemaker located within the hypothalamic Ž . w x suprachiasmatic nuclei SCN 11, 18, 24 . Photic entrainment is readily observed as small shifts in the phase of physiological and behavioral rhythms reflecting the difference between the free running period of the circadian pacemaker and that of the environmental or experimental Ž . w x light-dark LD cycle 14, 15 . Knowledge about the molecular events leading to photic phase shifts and entrainment, although incomplete, points towards a role for the Ž . w x immediate-early genes IEGs c-fos and jun-B 7,23 . Photic induction of these two IEGs within the SCN is ) Corresponding author. Fax: q 1-514-848-2817; E-mail: amir@csbn.concordia.ca phase dependent and correlates with the ability of light to w x induce behavioral phase shifts 8 .
Information about the relationship between Fos and Jun-B induction and photic resetting has been obtained primarily from studies of the effects of light pulses given w at times at which they induce large phase shifts 1-x 3,9,10,16,17,21,22 . In contrast, the effects of entraining light, which produces relatively small daily phase shifts, on the induction of Fos and Jun-B in the circadian system w x is not well-characterized 19 .
The present experiment was designed to study the effect of an entraining light stimulus on the expression of both Fos and Jun-B in the SCN and the IGL. The expression of both IEGs was examined within individual rats for which the free-running rhythm had been determined. This approach enabled both a more precise estimate of the correlation between the expression of Fos and Jun-B in the SCN and IGL as well as the relationship between IEG induction and the magnitude of the daily phase shift required for stable entrainment.
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Materials and method

Subjects
Ž A total of 32 male Wistar rats Charles River Breeding . Farms, St-Constant, Quebec weighing between 225-300 ǵ at the beginning of the experiment were used. Animals had ad libitum access to food and water throughout the experiment.
Housing
Ž Animals were housed in clear plastic cages 50 cm = . Ž 26.8 cm = 36.4 cm equipped with a running wheel 34.5 . cm in diameter, Nalgene . Each cage was placed in a Ž . sound and light proof chamber 66 cm = 66 cm = 44 cm equipped with a 15 W fluorescent light and a ventilation system. The boxes lighting system was controlled by indi-Ž . vidual 24 h timers Noma . Activity data was transmitted from the running wheels to a computer via a magnetic microswitch. Activity rhythms were recorded and analyzed with a microcomputer using the Dataquest III software Ž . package Mini Mitter, Sunriver, OR .
Procedures
Animals were first entrained to a 12 h:12 h LD cycle for 10-15 days. Then, they were allowed to free-run in complete darkness for 10-15 days to measure the period of their circadian rhythms. Next, animals were switched back to 12 h:12 h LD cycle to allow re-entrainment to the original LD cycle. Following stable entrainment to the LD cycle, animals were presented with a T-Cycle schedule consisting of 0.5 h of light and 23.5 h of dark with light onset corresponding to the light onset of the previous 12:12 LD cycle. Entrainment to the 0.5 h:23.5 h LD cycle lasted 14 days. On the fifteenth day, all animals received Ž . light at the usual time dawn but its duration was reduced to 10 min. Animals were deeply anesthetized with sodium Ž . pentobarbital 130 mgrkg I.P. approx. 50 min after stimulus termination.
Tissue preparation
Deeply anesthetized animals were slowly perfused in-Ž tracardially with 300 ml of cold physiological saline 0.9% . NaCl followed by 300 ml of cold, 4% paraformaldehyde Ž . in a 0.1 M phosphate buffer pH 7.3 . The descending aorta was clamped to force the perfusate into the upper part of the body. Following perfusion, brains were removed and postfixed in 4% paraformaldehyde and stored Ž at 48C overnight. Free floating coronal brain sections 50 . mm in thickness through the SCN and IGL were obtained on a vibratome. A total of 20 brain sections per region were taken for each animal corresponding to plates 22-24 and 34-37, respectively, in the atlas of Paxinos and Watw x son 12 . For each animal, half of the sections from each region were used for Fos immunocytochemistry and the other half for Jun-B immunnocytochemistry.
Fos immunocytochemistry
Free floating sections were washed in cold 50 mM Tris Ž . buffered saline TBS; pH 7.6 and incubated for 48 h at 48C with a mouse monoclonal antibody raised against the Ž N-terminal sequence of Fos corresponding to N-terminal residues 4-17 of human c-fos; NCIrBCB Repository, . Quality Biotech, Camden NJ . The antibody was diluted 1:8000 with a solution of 0.3% Triton X 100 in TBS with 1% normal horse serum. Following incubation in the primary antibody, sections were rinsed in cold TBS and incubated for 1 h at 48C with a rat-absorbed biotinylated Ž . anti-mouse IgG made in horse Vector Labs , diluted 1:33 with 0.3% Triton X 100 in TBS with 1% normal horse serum. Following incubation with secondary antibody, sections were rinsed in cold TBS and incubated for 2 h at 48C Ž with an avidin-biotin-peroxidase complex Vectastain . Elite ABC Kit, Vector Labs . Following incubation with the ABC reagents, sections were rinsed with cold TBS, Ž . rinsed again with cold 50 mM Tris-HCl pH 7.6 , and X Ž . again for 10 min with 0.05% 3,3 -diaminobenzidine DAB in 50 mM Tris-HCl. Sections were then incubated on an orbital shaker for 10 min in DABrTris-HCl with 0.01% H O and 8% NiCl . After this final incubation, sections 2 2 2 were rinsed in cold TBS, wet-mounted onto gel-coated slides, dehydrated through a series of alcohols, soaked in Ž . xylene, and coverslipped with Permount Fisher .
Jun-B immunocytochemistry
Free floating sections were washed in cold TBS and incubated at room temperature for 30 min in a quenching solution consisting TBS and 30% wrw H O . Following 2 2 the quenching phase, sections were rinsed in cold TBS and incubated for 1 h at room temperature in a pre-blocking solution made of 0.3% Triton X 100 and 3% normal goat serum. Following the pre-blocking phase, sections were transferred directly into a rabbit polyclonal antibody for Ž . jun-B kindly donated by Dr. Rodrigo Bravo . The antibody was diluted 1:60 000 with a solution of 0.3% Triton X 100 in TBS with 0.3% normal goat serum. Sections were incubated for 48 h at 48C. Following incubation in the primary antibody, sections were rinsed in cold TBS and incubated for 1 h at 48C with a biotinylated anti-rabbit Ž . IgG made in goat Vector Labs , diluted 1:200 with 0.3% Triton X 100 in TBS with 2% normal goat serum. Following incubation with secondary antibody, sections were rinsed in cold TBS and incubated for 2 h at 48C with an Ž avidin-biotin-peroxidase complex Vectastain Elite ABC . Kit, Vector Labs . Following incubation with the ABC reagents, sections were rinsed with cold TBS, rinsed again Ž . with cold 50 mM Tris-HCl pH 7.6 , and again for 10 min incubation, sections were rinsed in cold TBS, wet-mounted onto gel-coated slides, dehydrated through a series of alcohols, soaked in xylene, and coverslipped with Per-Ž . mount Fisher .
Immunocytochemical data analysis
. below and the corresponding mean number of immunoreactive cells for each brain region were computed using Ž . Statsview version 4.1, Abacus Concepts . Correlations between Fos and Jun-B immunoreactivities in the SCN and IGL were also computed. Significance of correlation was tested with alpha set at 0.05.
BehaÕioral data analysis
Activity data for individual animals was recorded continuously and displayed in 10-min bins using the Dataquest Ž . III software package Mini Mitter, Sunriver, OR . Doubleplotted actograms were used to monitor running-wheel activity rhythms at each stage of the experiment. The free running period of the circadian clock was calculated, to the closest minute, from a stable portion of the free-running Ž . activity rhythms of the animal usually 7-10 days , excluding the first 4 days of free-running. The absolute number of minutes displayed by the free-running rhythm apart from 24 h was used in the analyses and is referred to as the magnitude of the daily phase shift required for stable entrainment.
Results
BehaÕioral data
Free-running periods in individual animals ranged from 24 h to 24 h and 34 min. Thus the daily phase shifts required for stable entrainment were 0-34 min. All animals displayed the appropriate adjustments to the LD cycle Ž . and showed stable entrainment under the T-Cycle Fig. 1 . 
Immediate-early genes immunoreactiÕity
Both the SCN and the IGL showed robust Fos immunoreactivity. In the SCN, Fos immunoreactivity was located primarily in the ventral part of the nucleus with only few Ž . nuclei stained outside this region Fig. 2 , top left . Densely-stained Fos immunoreactive cells were present Ž . throughout the IGL region Fig. 2 , bottom left . Robust Jun-B immunoreactivity was also observed in the SCN where it was even more restricted to the ventral SCN than Ž . Fos Fig. 2 , top right . The IGL, however, showed very Ž . weak Jun-B immunoreactivity. Fig. 2, bottom right . 
Correlation between immediate-early genes
Correlation with daily phase shift
Significant correlations were found between the expres-Ž . sion of both Fos r s 0.353, p -0.05 Fig. 4a and Jun-B Ž . 
Discussion
The results of the present study demonstrate a positive correlation between the number of both Fos and Jun-B immunoreactive cells within the SCN and the magnitude Ž . in minutes of the daily phase shift required for stable entrainment in animals kept under a 0.5 h:23.5 h LD cycle. In addition, the study reveals different patterns of Fos and Jun-B expression within the two regions investigated. Fos was strongly induced in the SCN and IGL whereas Jun-B was strongly induced in the SCN and only weakly in the IGL. In spite of this difference, however, a positive correlation between the number of Fos and the number of Jun-B immunoreactive cells was observed within both the SCN and the IGL. Taken together, the data suggest that, within the context of entrainment to a 0.5 h:23.5 h LD cycle, the amount of daily phase shift required for stable entrainment predicts the amount of Fos and Jun-B expression within the SCN.
The results of the present study are thus consistent with those of a number of previous studies which have used the phase shift procedure to examine the relationship between the magnitude of behavioral phase shift and the induction w x of IEGs in the SCN 1,3 . These studies have examined the effect of a single light pulse typically given at the peak of the phase response curve and observed a positive correlation between the size of the behavioral phase shift and the Ž number of cells expressing IEGs in the SCN but see w x. Shimomura et al. 20 . Here we demonstrate that this relationship can be generalized to the more ecologically significant situation of the daily clock resetting that accompanies entrainment.
The quantification of Fos and Jun-B in alternate brain sections within the same animal allowed for a more accurate estimation of the relationship between the magnitude of expression of these two IEGs than is possible when labeling is performed on separate animals. The strong positive relationship between Fos and Jun-B immunoreactivities within the SCN adds support to the idea that these two IEGs act in concert within the same cell to mediate w x clock resetting 8,22 . The weak staining for Jun-B within IGL neurons suggests that it may not be the only dimer that will associate with Fos to produce the activator protein Ž . 1 AP-1 responsible for late genomic transcription within this structure. Other members of the Jun family present Ž . within IGL cells c-Jun or Jun-D may also serve that role w x 6 .
Although the range of daily phase shifts in the present study is quite narrow, the data argue in favor of a linear relationship between the task involved in stable entrain-Ž . ment daily phase resetting and the mechanism by which Ž it is believed to be initiated or mediated in the SCN IEG . induction . Replicating this experiment using entrainment to T-Cycles of different lengths that will require a broader range of either advance or delay phase shifts would facilitate the determination and quantification of the relationship between the amount and direction of clock resetting and IEG expression within the SCN.
The positive correlation between Fos and Jun-B immunoreactivities in the IGL, although significant, was not as strong as that seen for the SCN. Caution is needed, however, when interpreting Jun-B immunoreactivity in the IGL in the present experiment since the intensity of label-Ž . ing the darkness of the stain was inferior to that of Fos. This difference in stain cannot be attributed to fluctuations in the assay since the brain sections containing the IGL were processed together with those containing the SCN.
( )The absence of significant correlation between the magnitude of the daily phase shift and the amount of Fos and Jun-B expression in the IGL suggests that the expression of these IEGs in the IGL may not be directly related to photic resetting of the circadian clock. Indeed the role of the IGL in daily phase resetting is unknown. It has been suggested that the IGL is not critical for daily entrainment but serves only to modulate SCN activity by providing additional information about the external environment w x 5,13 . Recent data suggests, however, that the IGL is w x critical for entrainment to a skeleton photoperiod 4 .
In summary, the present experiment provides evidence for a relationship between the induction of Fos and Jun-B within SCN neurons and the magnitude of daily phase shifts under conditions of stable entrainment. In addition, this study provides information about the light-induced expression of Fos and Jun-B within the same animal previously unappreciated when labeling of these IEGs was performed in different animals. The data further suggest that in the IGL, Jun-B may not be the only protein that dimerizes with Fos to mediate the effects of light on the circadian system.
